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Epigenetics and Evolution: An Overview 


Abstract - After many years of neglect, the developmental aspect of heredity and its 
place in evolution are now receiving attention. In this overview, I discuss the relationship 
between epigenetic inheritance (mainly cellular epigenetic inheritance) and biological evolu¬ 
tion. I point to six effects and implications of epigenetic inheritance that are important for 
evolutionary studies: (i) evolution can occur along the epigenetic axis without changes in 
DNA base sequence; (ii) epigenetic inheritance can affect the stability of the selective envi¬ 
ronment and speed up genetic accommodation; (iii) epigenetic variations can bias and target 
changes in DNA base sequence, leading to both micro- and macro-evolutionary changes; (iv) 
epigenetic inheritance constrains and channels the evolution of ontogeny; (v) epigenetic vari¬ 
ations and epigenetic inheritance systems were important during the major evolutionary 
transitions; (vi) the genetic evolution of epigenetic inheritance systems is an important part 
of evolutionary history. Since epigenetic inheritance is ubiquitous and has far-reaching impli¬ 
cations for evolutionary studies, I conclude that the present concepts of heredity and evolu¬ 
tion need to be extended. 


Epigenetic Inheritance 

The term ‘epigenetic inheritance’ refers to the transmission across generations 
of phenotypic variations that do not depend on variations in DNA sequences or on 
the persistence of inducing signals. Elence, functional and structural phenotypic 
variations can persist when a cell or a multicellular organism reproduces, even if 
the stimulus that induced the phenotypic variation is no longer present. Genetically 
identical cells or organisms, living in identical conditions, can therefore display dif¬ 
ferent heritable phenotypes because the developmental histories of their lineages 
were, at some point in the past, different. The term “epigenetic inheritance” is used 
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to describe both non-genetic inheritance in cell lineages, and the transmission 
across generations of more general, whole-organism, physiological, behavioral and 
cultural non-genetic variations. 


Epigenetic inheritance systems 

At the cellular level, there are several kinds of molecular processes that maintain 
different cell phenotypes and enable their transmission to daughter cells through 
mitosis, and sometimes also through meiosis. Four broad types of epigenetic inheri¬ 
tance system (EIS) have been characterized (see Jablonka and Lamb, 2005): 

1. Self-sustaining metabolic loops. When gene products act as positive regula¬ 
tors that maintain the transcriptional activity of genes in regulatory networks, the 
transmission of these products can lead to the same states of gene activity being 
reconstructed in daughter cells. Such gene products act as epigenetic switches, 
enabling heritable phenotypic modifications that do not require DNA sequence 
changes. A well-characterized example of such a system has recently been 
described in the fungal pathogen Candida albicans. In this pathogen the epigenetic 
switch that underlies the transition between white and opaque cells, two states that 
are heritable for many generations, has been identified and shown to operate 
through the formation of a self-sustaining stable feedback loop (Zordan et al., 2006). 

2. Structural inheritance . Pre-existing cellular structures act as templates for 
the production of similar structures, which become components of daughter cells. 
Examples are prions in fungi (Wickner et al., 2004; Shorter and Lindquist, 2005), 
cortical structures in ciliates (Grimes and Aufderheide, 1991), and genetic mem¬ 
branes (Cavalier-Smith, 2004). 

3. Chromatin marking systems. Chromatin marks are the variant, modifiable, 
histone and non-histone proteins and RNA molecules that are non-covalently 
bound to DNA, as well as small chemical groups (such as methyls) that are cova¬ 
lently bound directly to the DNA. Chromatin marks influence gene activity and 
may segregate with the DNA strands during replication, nucleating the reconstruc¬ 
tion of similar marks in daughter cells (Henikoff et al., 2004). 

4. Heritable RNA-mediated variation in gene expression, such as gene silencing 
through RNA interference. Silent transcriptional states are actively maintained 
through repressive interactions between small RNA molecules and the mRNAs to 
which they are partially complementary (Meister and Tuschl, 2004). RNA interfer¬ 
ence may not be the only type of RNA-mediated inheritance of variations. RNA- 
DNA and RNA-RNA interactions may lead not only to silencing, but also to the 
recruitment of mechanisms that lead to gene deletions and gene amplifications 
(Mochizuki and Gorovsky, 2004). Small heritable RNAs also seem to be involved in 
processes of paramutation (Rassoulzadegan et al., 2006). 
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These four types of EIS are often interrelated and interact in various ways. 
Nucleic-acid base-pairing, either DNA-DNA, DNA-RNA, or RNA-RNA, seems to 
be involved in the establishment of at least some DNA methylation and histone 
modifications, which are processes that have been described as constituting the 
chromatin marking EIS (Bernstein and Allis, 2005), and pairing is always involved 
in RNA-mediated inheritance. 

What is passed on to the next generation through EISs depends on the condi¬ 
tions that a reproducing entity (a cell or a multicellular organism) and its ancestors 
experienced. For all EISs there is good evidence that some induced variations can 
be transmitted through both asexual and sexual reproduction, and the number and 
variety of cases of such inheritance is increasing rapidly, as the conditions for inter- 
generational induction and transmission are identified. For example, a series of 
experiments with rats has shown how some industrially important compounds, 
which are endocrine disruptors, can cause epigenetic changes in germline cells that 
are associated with testis disease states; these changes are inherited for at least four 
generations (Anway et al., 2005, 2006). 

Many of the best examples of transgenerational epigenetic inheritance are 
found in plants (for reviews see Grant-Down ton and Dickinson 2005, 2006; Takeda 
and Paszkowski, 2006; Zilberman and Henikoff, 2005). This is probably related to 
the reproductive and developmental strategies of plants. In plants, the germline is 
repeatedly derived from somatic cells, so the developmentally established epige¬ 
netic states of somatic cells may sometimes persist when they become germ cells. In 
general, therefore, although there are some good examples of transgenerational epi¬ 
genetic inheritance in sexually reproducing organisms that have early germline seg¬ 
regation, such as mammals (Chong and Whitelaw, 2004), epigenetic inheritance is 
likely to play a much larger role in the adaptive evolution of the many groups in 
which there is no distinct and permanent germline, or where germline-soma segre¬ 
gation occurs late in development (Jablonka and Lamb, 1995). 

At the level of the whole organism, ancestral states can be transmitted through 
the creation of conditions that induce or positively bias the reconstruction of the 
same states in descendants, thus bypassing the germ line. For example, rat mothers 
nurse their pups during the first week of life, and the amount of licking and 
grooming they give have long-lasting effects on the offspring’s ability to withstand 
stress and approach novelty: well-licked offspring are less sensitive to stress and 
more adventurous than poorly licked offspring (reviewed by Meany, 2001). Cru¬ 
cially, because highly-licked female offspring become good lickers when they 
become mothers, and under-licked female offspring become under-licking mothers, 
maternal behavior (it makes no difference whether the mother is the genetic or the 
adoptive mother) is reconstructed. In this way, variations in the sensitivity to stress 
are inherited through the maternal lineage. Changed environmental conditions can 
alter maternal behavior, and, when it does, the altered behavior and the far-reach¬ 
ing developmental effects that it triggers are transmitted within the lineage. The 



— 330 — 


hormonal and developmental conditions that create this self-sustaining develop¬ 
mental/behavioral loop have been partially characterized. The differences in the 
amount of nursing and licking that the offspring receive are reflected in changes in 
the epigenetic state (DNA methylation and histone acetylation) of certain key genes 
in the brain (Weaver et al., 2004). Unless specifically reversed, these remain stable 
throughout life, have stable effects, and lead to the reconstruction of the same 
behavioral development through maternal behavior. Hence, it seems that in this 
case at least, self-sustaining physiological loops at the level of the whole organism 
are associated with cellular epigenetic inheritance. 

There are many other examples of the transmission of behavior from parents 
or “tutors” to offspring or “trainees” that lead to the reconstruction of the same 
trajectories of development in the offspring. Although most such developmental 
reconstructions are not as well characterized at the physiological and molecular 
levels as in the case just described, they are probably very common. They underlie 
the many cases of non-genetic behavioral transmission in vertebrate groups that 
provide the basis for animal traditions (Avital and Jablonka, 2000). 

The evolutionary importance of epigenetic inheritance 

EISs can affect various aspects of adaptive evolution, speciation, and 
macroevolution, and because of this their own evolution is also of obvious signifi¬ 
cance. Some of the effects that EISs have are direct: the epigenetic variations are 
induced and then selected, so their frequency in the population changes. Other 
effects are indirect consequences of the biases (or targeting) that EISs introduce 
into the generation of genetic variants, and the effects of heritable epigenetic vari¬ 
ations on the selection of genetic variants. 


1 . Selection acting on heritable epigenetic variants can lead to medium-term and long¬ 
term adaptations, and initiate speciation. 

Epigenetic inheritance provides a new source of selectable variation, which 
may be crucial if populations are small and lack genetic variability. The best under¬ 
stood examples of evolution through the selection of heritable non-genetic varia¬ 
tion are human cultural traditions and the many traditions in non-human animals 
that are the result of the transmission and stabilization of behavioral differences 
(Avital and Jablonka, 2000). Cellular epigenetic variations can also provide material 
for selection, as the Drosophila experiments of Sollars and his colleagues have 
clearly shown (Sollars et al., 2003). Because induced epigenetic variants often arise 
when environmental conditions change, which is exactly the time when new phe¬ 
notypes are likely to have a selective advantage, and because many individuals in 
the population may acquire similar modifications at the same time, adaptation can 
be very rapid. 
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The stability of the phenotypes that are transmitted across generations varies, 
but this stability may itself evolve both genetically and epigenetically. Theoretical 
models have shown that epigenetic inheritance, for which stability is generally 
lower than with DNA inheritance, can have a selective advantage when the envi¬ 
ronment changes at medium rates (every 2-100 generations), and when it changes 
stochastically (Jablonka et al., 1995; Lachmann andjablonka, 1996). 

Epigenetic changes can lead to long-term effects by initiating speciation. Repro¬ 
ductive isolation may begin when non-genetic behavioral differences prevent mating 
taking place (Avital andjablonka, 2000), or when differences in chromatin structure 
result in hybrid offspring either failing to develop normally or being sterile because 
the two sets of parental chromosomes carry incompatible chromatin marks 
(Jablonka and Lamb, 1995). For example, incompatibility between parental imprints 
is thought to be the reason why the development of hybrids between species of the 
mouse genus Mus is abnormal (Shi et al., 2005). Epigenetic inheritance may have 
also been important at the initial stages of the evolution of dosage compensation and 
the morphological divergence of sex chromosomes in mammals (Jablonka, 2004). 

2. Cellular epigenetic variations can affect the rate of genetic evolution by affecting 
selection. 

Epigenetic changes that occur during development because of altered envi¬ 
ronmental conditions can unmask hidden genetic variation, and therefore affect 
which alleles are selected (West Eberhard, 2003). If such epigenetic changes are 
themselves inherited, adaptive evolution may be speeded up. For example, even in 
absence of genetic variation, adaptation can occur through the selection of herita¬ 
ble “epialleles”, i.e., differences in the chromatin structure of a locus. Although 
epialleles may not be as stable as genetic alleles, adaptations based on such varia¬ 
tion may be able to do a “holding job” that allows a population to survive until 
genetic accommodation occurs. Similarly, work on yeast has shown how a heritable 
epigenetic change in the three-dimensional structure of a protein that is involved in 
translation can generate new variations (Shorter and Lindquist, 2005). The spec¬ 
trum of phenotypes that is induced when the altered protein is present enables 
some cells to survive stressful conditions. In nature, its presence in the population 
would therefore probably allow time for the selection of more stable genetic vari¬ 
ants. In other words, the epigenetic inheritance of the altered form of the protein 
would result in more rapid genetic accommodation. 

3. Epigenetic variations can affect the production of genetic changes, and lead to both 
micro and macro evolutionary changes. 

Heritable variations in chromatin can affect genetic variation by influencing 
rates of mutation, transposition, and recombination (Jablonka and Lamb, 1995, 
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2005). For example, highly methylated transposable elements in plants rarely move, 
whereas when the same elements are demethylated they are usually very mobile 
(Fedoroff and Botstein, 1992). When transposable elements move to new locations 
they can introduce changes in coding or regulatory sequences, and they are 
regarded as a major source of mutations (Kidwell and Lisch, 1997), so the chro¬ 
matin marks they carry (e.g. the extent to which they are methylated) affect the rate 
at which mutations are generated. Sometimes even a small insertion can lead to a 
gross phenotypic change - a “macromutation”, a “hopeful monster”. The notion 
that these hopeful monsters have a role in evolution used to be derided, but it is 
becoming clear that there are circumstances in which they can be honed by natural 
selection into adapted organisms (Bateman and Di Michele, 2002). Since the 
movement of some transposable elements is known to be markedly influenced by 
various types of internal (genetic) and external (environmental) stress, hopeful 
monsters may be more common in circumstances in which the survival of existing 
forms is threatened. 

The relationship between genetic and epigenetic variation in repeated 
sequences seems to be both intimate and evolutionarily significant. Sequence stud¬ 
ies have shown how, during plant and animal phylogeny, developmental genes have 
been duplicated and re-used (Garcia-Fernandez, 2005). Rodin et al., (2005) have 
suggested that epigenetic silencing following gene duplication and repositioning 
can play an important role in the re-usage of the duplicated genes, making the 
genetic degeneration of the duplicates less likely. 

Probably of more significance than single gene epimutations with major effects 
are the systemic genomic changes that are mediated through epigenetic control 
mechanisms and re-pattern the genome. The extent and sophistication of the inter¬ 
actions between epigenetic and genetic variations are being revealed by studies of 
cases of non-Mendelian inheritance in ciliates (Preer, 2000, 2006). Recent studies of 
evolution during conditions of genomic and ecological stress suggest that develop- 
mentally-induced variations in DNA are often (if not invariably) mediated by chro¬ 
matin marking or RNA-mediated EISs. Genomic stresses such as hybridization and 
polyploidization induce massive epigenetic and genetic reorganization in plants (see 
Adams et al., 2003, and papers in the Biological Journal of the Linnean Society 82(4) 
2004, a special issue devoted to the subject). Ecological stresses such as nutritional 
changes can induce significant variations in repeated sequences in plants (Cullis, 
2005), probably via epigenetic mechanisms, and hormonal stresses may be responsi¬ 
ble for the appearance of micro-chromosomes in silver foxes (Belyaev et al., 1981). 

Epigenetic inheritance probably plays a significant role in speciation through 
polyploidization and hybridization, which are of central importance in plant evolu¬ 
tion (Rapp and Wen del, 2005). In many naturally occurring and experimentally 
induced polyploids and hybrids, DNA methylation patterns are dramatically 
altered, and genes in some of the duplicated chromosomes are heritably silenced. 
Following polyploidization and hybridization there is a very rapid enhancement of 
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selectable variation, with all the opportunities for adaptation that this provides. 
The epigenetic events occurring during homoploid hybridization have not yet been 
sufficiently studied, but it is likely that in these cases epigenetically regulates heri¬ 
table changes will be found to play a role in the divergence process. In general, it 
seems that heritable epigenetic variations may play a large role in initiating the 
divergence between population that leads to reproductive isolation, both by 
increasing selectable variation and by reorganizing genomes. 

4. Cellular epigenetic inheritance acts as a powerful constraint on the evolution of 
development. 

Reliable cellular EISs were a pre-condition for the evolution of complex multi¬ 
cellular organisms with specialized cell lineages, because cells in such lineages have 
to maintain their determined state and transmit it to daughter cells, even when the 
conditions that initiated it are no longer present. However, the cells that give rise to 
the next generation of organisms need to have an uncommitted state, and efficient 
EISs could jeopardize this. Natural selection should therefore favor mechanisms that 
counter the possibility of epigenetic variations being transmitted through the germ 
cells. EISs therefore impose a strong constraint on the evolution of ontogeny. 

There are several features of development that may be outcomes of selection 
to prevent cells with inappropriate epigenetic legacies from founding the next gen¬ 
eration. First, it may be one of the evolutionary reasons why many epigenetic states 
are so difficult to reverse in somatic cells, because irreversibility prevents a rogue 
somatic cell from becoming a germ cell and carrying its inappropriate epigenetic 
marks to the next generation. Second, the early segregation and quiescent state of 
the germline, which is seen in many different animal groups, may be the result of 
selection against acquiring the epigenetic “memories” associated with somatic cell 
determination and the chance epimutations that occur during cellular activities. 
Third, the massive changes in chromatin structure that occur during meiosis and 
gamete production may in part be the outcome of selection against the transmis¬ 
sion of epigenetic variations that would prevent a zygote from starting its develop¬ 
ment with a clean epigenetic slate. 

5. Non-genetic inheritance plays a central role in major evolutionary transitions. 

We believe (Jablonka and Lamb, 2006) that non-genetic inheritance systems 
played an important role in all the major evolutionary transitions enumerated by 
Maynard Smith and Szathmary (1995). For example, cellular epigenetic inheritance 
was crucial for the evolution of long nuclear chromosomes that maintain their pat¬ 
terns of gene activity following replication, as well as for the transition to eukary¬ 
otic cells and to multicellularity. Similarly, non-genetic behavioral transmission was 
instrumental in forming cohesive social units in animals, and cultural transmission 
though symbols was central to the social and cognitive evolution of humans. 
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6. The genetic evolution of EISs. 

Once it is recognized that epigenetic inheritance has had a substantial role in 
evolution, the genetic evolution of epigenetic inheritance systems becomes an 
important topic. There are a few theoretical and comparative studies that have 
addressed the evolution of EISs, but the subject is still understudied. Genomic 
imprinting and X-chromosome inactivation have been important subject of evolu¬ 
tionary study for some time, but other epigenetic processes that are based on EISs 
(paramutation and stress-induced epigenomic alterations) have not received as 
much attention. With the exception of DNA methylation (Bestor, 1990; Bird, 1995; 
Regev et al., 1998; Colot and Rossignol, 1999; Mandrioli, 2004) there has been little 
discussion of the evolution of the EISs and the ecological and developmental con¬ 
texts in which this evolution occurred, although the situation is beginning to 
change. There are now a few comparative studies of histone evolution (Sandman et 
al., 1998, Felsenfeld and Groudine, 2003) and of the RNAi systems (Cerutti and 
Casa-Mollano, 2006). 

General theoretical implications 

Incorporating epigenetic inheritance into the framework of evolutionary 
theory, and focusing on the interactions between epigenetic variations and genetic 
modifications has important implications for evolutionary theory. The emerging 
picture is that the evolutionary effects of non-genetic inheritance are manifold and 
significant, although their importance and the type employed varies between taxa. 

Evolutionary thinking is still lagging behind events in developmental biology 
and molecular biology, but I believe it is already clear that an extension of the basic 
definitions of evolution and heredity is unavoidable. If heredity involves the inher¬ 
itance of developmental variations, evolution cannot be defined in terms of changes 
in gene frequency alone, which is how Dobzhansky (1937) suggested it should be 
defined. Dobzhansky’s classical definition has to be extended. Marion Lamb and I 
have suggested that evolution can be said to occur through the set of processes that 
lead to a change in the nature and frequency of heritable types in a population. 
Heredity, too, needs to be redefined to incorporate processes beyond DNA repli¬ 
cation, and we suggested that heredity should be defined as the developmental 
reconstruction processes that link ancestors and descendants and lead to similarity 
between them (Jablonka and Lamb in press). Evolutionary change can be based on 
epigenetic, behavioral and symbol-based cultural heritable variations, as well as 
genetic differences (Jablonka and Lamb, 2005). 

The new data do more than expand the basic concepts of heredity and evolu¬ 
tion. They also alter the theoretical edifice of evolutionary theory provided by the 
Modern Synthesis. Although there is no doubt that the cumulative selection of small 
random genetic variations plays an important role in evolution, Lamarckian 
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processes are also significant, and under certain conditions can lead to both targeted 
and stochastic saltational changes. Since the exclusion of Lamarckian and saltational 
changes was one of the defining features of the Modern Synthesis, a new theoretical 
evolutionary framework that goes beyond this synthesis needs to be constructed. 


Acknowledgement'. Many thanks, as always, to Marion Lamb. 
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